Arterial stiffness, a measure of reduced arterial compliance following changes in intraluminal pressure, can be measured noninvasively by pulse wave velocity (PWV). PWV is a strong predictor of future cardiovascular events and allcause mortality, 1 independent of other risk factors. 2 Age, heart rate, and blood pressure explain much of the interindividual variations in arterial stiffness, 3 although physical activity and smoking also contribute. 4, 5 Body weight gain increases arterial stiffness. 6 Therefore, numerous studies have explored the relationship between obesity and arterial stiffness. Cross-sectional studies, have reported positive associations between arterial stiffness and insulin resistance, 7 adipokine secretion from white adipose tissue (WAT), 8 WAT distribution, 9 inflammation, 10 and circulating levels of free fatty acids. 11 Moreover, observational studies have identified associations between carotid-femoral PWV and Hemoglobin A1c (HbA1c) levels, 12 and between aortic PWV (aPWV) and central obesity, plasma adiponectin, and triglyceride levels. 13 We reported that visceral adipocyte volume is significantly associated with aPWV in obese individuals. 14 Altogether, these findings suggest a possible causal relationship between WAT dysfunction and arterial stiffness. 
Genome-wide and candidate gene-association studies have identified numerous genes whose expression associates with arterial stiffness. 15 These encode proteins in the reninangiotensin-aldosterone pathway, extracellular matrix components, metalloproteinases, proinflammatory factors, β-adrenergic and endothelin signaling receptors, endothelial cell apoptosis, and vascular wall immune response. Although most of these are expressed in peripheral tissues, including WAT, it remains unclear whether expression of any of these genes in WAT is associated with arterial stiffness.
There is accumulating evidence that short-term moderate weight reduction, by means of energy-restricted diet or energyrestricted diet combined with exercise in subjects followed for up to a year, improves arterial stiffness, as measured by PWV. 16 However, studies in obese subjects undergoing bariatric surgery, which causes greater weight loss than diet and exercise, have reported divergent results. For example, 2 studies showed reduced PWV, 17, 18 while another suggested no improvement. 19 Importantly, participants were followed for only a moderate time (up to 1 year), with subjects likely not weight stable at time of examinations. To our knowledge, no studies have examined the long-term effects of weight reduction on PWV.
Herein, we aimed to determine whether weight loss results in a long-term reduction in aPWV. We also aimed to explore whether baseline WAT phenotype, including anthropometric/metabolic parameters or the expression of selected genes, could predict improvements in PWV.
METHODS

Subjects
One-hundred-and-twenty obese individuals, scheduled for bariatric surgery, were consecutively recruited in a longitudinal study of the effects of weight loss on WAT function (clinicaltrials.gov, NCT01727245). The inclusion/ exclusion criteria have been described elsewhere. 14 Subjects underwent bariatric surgery with Roux-en-Y gastric bypass. Given that blood pressure has a major effect on arterial stiffness, subjects using antihypertensive medication (n = 37) were excluded. One patient was excluded because of a faulty aPWV measurement. Finally, 82 subjects (71 women and 11 men) were included. The study was approved by the regional ethics board in Stockholm and was conducted in accordance with the statutes of the Declaration of Helsinki. Written informed consent was obtained from all participants.
Subjects were examined before and 24 months after surgery, when they had attained a stable body weight. Subjects came to the laboratory at 7.30 a.m. after an overnight fast and having abstained from nicotine and caffeine. Data on nicotine use, medications, self-assessed physical exercise (graded in predetermined increments on a scale from 1-4), and past medical history were collected in questionnaires and confirmed by interview. Standard anthropometric measures, including body weight, height, body mass index (BMI), and waist and hip circumferences, were recorded. Framingham risk scores were calculated according to Adult Treatment Panel III criteria. 20 The same staff performed all measurements and laboratory examinations both before and 2 years after surgery.
Arterial stiffness and blood pressure
Recommended standardized procedures for measuring arterial stiffness were followed 21 and were performed exactly as described. 14 Resting heart rate was recorded after 15 minutes of rest in the supine position. Aortic PWV and blood pressure was measured using an Arteriograph (TensioMed, Budapest, Hungary) with appropriate cuff size based on subjects arm circumference at the time of examination. It was calculated by dividing the distance traveled by the pulse wave by its transit time (RT/2). Mean values based on at least 3 measurements were used. The distance traveled from the suprasternal notch to the pubic bone was measured in a straight line to avoid the influence of variations in abdominal circumference. As there is no evidence that aortic length is influenced by weight loss, the measure obtained at baseline was used for both baseline and 2-year aPWV calculations. The Arteriograph also provides other vascular measures; augmentation index (the % of central pulse pressure attributed to the reflected wave from the periphery) (AIX), central systolic blood pressure (the systolic blood pressure in the aorta) (SBPao), and pulse pressure (the difference between systolic and diastolic blood pressure) (PP). Systolic and diastolic blood pressures were also obtained using an automatic device (Omron M10-IT; Omron Health Care, Hoofddorp, The Netherlands).
Assessment of in vivo insulin sensitivity and body composition
Subjects underwent a hyperinsulinemic-euglycemic clamp and Dual-energy X-ray absorptiometry (DXA) exactly as previously described. 14 All subjects were examined using a GE Lunar iDXA running the enCORE software (version 14.10.022) with the CoreScan feature (GE Medical Systems, Chalfont St. Giles, UK). This allowed determination of body fat composition (android, gynoid, estimated visceral adipose tissue; EVAT), and estimated subcutaneous adipose tissue (ESAT) in the android region as discussed previously. 14 Of note, EVAT and ESAT do not represent total abdominal visceral and subcutaneous WAT, but only the region that corresponds to where the fat biopsy is obtained.
Adipocyte cell volume
Adipose tissue samples were treated with collagenase to isolate adipocytes. The diameter of 100 adipocytes was determined microscopically, and the mean adipocyte cell volume was calculated as described by Hirsch and Gallian. 22 This method has been used in our laboratory for over 4 decades, and the validity has been described in detail elsewhere. 23 
Global transcriptomics of WAT
Global transcriptomic profiling was performed using 5′cap analysis of gene expression (CAGE) of subcutaneous WAT from a subset of 30 participants at the baseline, as described previously in detail. 24 In brief, total RNA was extracted and the quality was determined using the bioanalyzer RNA 6000 Pico Kit (Agilent Technologies). Messenger RNA levels are expressed as tag per million normalized read counts. All raw data are uploaded at https://export.uppmax. uu.se/b2013047/CellReportsTables/. Gene expression data were analyzed in a 2-step approach. First, a global analysis accepting a false discovery rate of 0.1 was performed. Because no significant associations were found, further analysis was undertaken by examining a previously used list of 52 genes found to be associated with arterial stiffness in genetic variant studies, 25 which included candidate gene studies and genome-wide association studies. 15, 26, 27 
Statistics
The data are expressed as mean ± SD. The Shapiro-Wilks test was used to identify normal distributions. Normally distributed values were compared using a paired-sample Student t test (2-tailed), and non-normally distributed values were compared using the related-samples Wilcoxon signed-rank test. Any missing data were excluded on a pairwise basis. Associations between baseline or changes in (i.e., delta; Δ) WAT phenotype/metabolic parameters with ΔaPWV were tested by simple linear regression analysis, where ΔaPWV was set as the dependent variable. Bonferroni correction was applied to correct for multiple testing resulting in alpha levels of 0.05/15 = 0.0033 (baseline WAT and metabolic factors vs. ΔaPWV) and 0.05/40 = 0.00125 (WAT gene expression and ΔaPWV). All parameters that were significantly associated in the simple regression were entered into a multiple regression analysis model adjusted for systolic blood pressure and resting heart rate (Model 1). In an additional analysis, we expanded Model 1 and included other factors known to associate with PWV, i.e., age, sex, diastolic blood pressure, smoking status, and self-reported physical exercise (Model 2). All models were set up with several independent vs. ΔaPWV as the dependent variable. Collinearity diagnostics was assessed in multiple regression models with no variable having a variance inflation factor above 3 (data not shown, available on request). IBM SPSS Statistics (version 22; IBM, Armonk, NY) was used for all statistical analyses.
RESULTS
Reduction in PWV following long-term weight loss
Clinical characteristics of the participants at baseline and follow-up visits are presented in Table 1 . At follow-up, average body weight and all examined anthropometric/ metabolic parameters and WAT characteristics had significantly improved, as did aPWV.
Baseline factors predicting improvements in aPWV following weight loss
Of the studied baseline WAT and anthropometric/metabolic factors, BMI, EVAT, fasting insulin level, and subcutaneous adipocyte volume were significantly (positively) associated with ΔaPWV (Table 2 ), but after Bonferroni correction only subcutaneous adipocyte volume was significantly associated with ΔaPWV (P ≤ 0.0003). Baseline subcutaneous adipocyte volume remained independently associated with ΔaPWV after adjusting for confounders in both Model 1 (adjusted r 2 = 0.211, P = 0.008) and Model 2 (adjusted r 2 = 0.257, P = 0.014) ( Table 3) .
Subcutaneous adipose tissue gene expression and aPWV improvement
Analysis of global gene expression found no significant associations with ΔaPWV after correction for multiple testing. However, Bonferroni correction applied to the analysis of a preselected list of genes previously linked to PWV (detailed in Materials and Methods, Supplementary Table S1) showed that expression of COL4A1, was significantly associated with ΔaPWV (P = 0.0010). Baseline expression of COL4A1 remained independently associated with ΔaPWV after adjusting for confounders both in Model 1 (adjusted r 2 = 0.504, P = 0.001) and Model 2 (adjusted r 2 = 0.506, P = 0.006) ( Table 4) .
Improvements in adipose tissue factors associating with improvements in aPWV
Our data indicated that adipose tissue phenotype predicted changes in aPWV. We also explored if changes in BMI, body composition/fat distribution, and subcutaneous adipocyte volume associated with changes in aPWV by simple linear regression (Supplementary Table S2 ). Unfortunately, follow-up data on gene expression were not available. Reductions in BMI, body fat % or waist-hip ratio did not associate with changes in aPWV. However, changes in subcutaneous adipocyte volume and EVAT were significantly associated with improvements in aPWV for all 82 subjects (subcutaneous adipocyte volume r = 0.318, P = 0.006; EVAT r = 0.331, P = 0.005), also after correction for multiple testing. Among the 30 individuals where gene expression was performed at baseline, only changes in subcutaneous adipocyte volume remained significant after Bonferroni correction (r = 0.518, P = 0.004).
Effects of weight loss on other vascular measures
After weight loss, subjects improved significantly in PP and SBPao but there was no change in AIX (Table 1) . Simple linear regression was performed between baseline adipose tissue markers and change in PP and SBPao, respectively. Subcutaneous adipocyte volume associated with changes in PP (r = 0.268, P = 0.016) while baseline body fat % (r = 0.242, P = 0.030), ESAT (r = 0.306, P = 0.008), and EVAT/ESAT ratio (r = 0.240, P = 0.038), associated with changes in SBPao. After adjusting for resting heart rate, the relationships for body fat %, ESAT (r = 0.315, P = 0.010) and EVAT/ESAT ratio (r = 0.274, P = 0.030) were still significant. ESAT also remained significant after a further adjustment for baseline smoking status, self-reported exercise, age, and gender (r = 0.430, P = 0.009). The expression of COL4A1 did not associate with improvements in either PP or SBPao.
DISCUSSION
To our knowledge, this is the first long-term study of the effects of pronounced weight loss on arterial stiffness. Our main finding is that weight loss was associated with an improvement in aPWV by an average of 0.58 m/s. While this reduction may seem small, it could be influenced by the cohort's relatively normal baseline aPWV (as compared to a healthy reference population where subjects 40-49 years of age had mean (±2 SD) values of 7.2 m/s (4.6-9.8). 28 Nevertheless, the improvement was larger compared to Data are shown for all individuals as well as for the subset of subjects where gene expression analysis was performed. Framingham risk score is expressed in points and are shown for men and women separately. A score <9 points for women indicates a 10 year risk for CVD below <1%. For men, a score of 9 points indicates a 10 year risk for CVD of 5%, a score of 5-6 indicates a 10 year risk for CVD of 2%, and a score of 1-4 indicates a 10 year risk for CVD of 1%. Abbreviations: ApoA1; Apolipoprotein A1; ApoB; apolipoprotein B; BMI, body mass index; bpm, beats per minute; CRP, C-reactive protein; CVD, cardiovascular disease; ESAT, estimated abdominal subcutaneous white adipose tissue; EVAT, estimated abdominal visceral white adipose tissue; FFA, free fatty acids; LDL, low-density lipoprotein; P, plasma; S, serum. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. the effects of aerobic exercise training, where a systematic review found the weighted mean difference to be −0.39 m/s (95% confidence interval: −0.52, −0.27). 4 Admittedly, there are very few outcome studies on the effects of reducing PWV, we are only aware of one, showing that failure to lower PWV leads to increased mortality in end-stage renal disease patients. 29 However, an increase of 1 m/s in aPWV increases both cardiovascular and all-cause mortality by 15%, 1 suggesting that our findings are likely to be clinically significant. We also report that baseline subcutaneous adipocyte volume and COL4A1 expression in WAT were the only WAT-related characteristics that predicted the improvement in PWV after adjustment for multiple comparisons or established confounders. While our study design cannot prove causality, these results indicate that WAT may play a pathophysiological role in arterial stiffness.
Previous cross-sectional studies have suggested that visceral WAT mass is associated with arterial stiffness. 9 In the present longitudinal follow-up, baseline EVAT did not predict changes in aPWV, although there was an association between reduction in EVAT and improvements in aPWV. However, this was the only measure of body fat distribution or body composition that associated with changes in aPWV after correction for multiple comparisons. Moreover, a metaanalysis of weight reduction studies showed that changes in PWV did not associate with baseline weight or weight change. 16 Altogether, this suggests that fat mass per se is not a major factor influencing PWV. Instead our findings, together with our previous data showing that adipocyte volume rather than fat mass is associated with aPWV, 14 suggest that WAT morphology affects PWV. Several mechanisms could explain this. For example, a larger adipocyte volume has been linked to a more proinflammatory phenotype, 30 which may contribute to arterial stiffening. In addition, fat tissue consisting of larger adipocytes have less capacity to store lipids, which leads to ectopic lipid deposition 31 and may also contribute to arterial stiffness. It is known that subcutaneous adipocyte volume is associated with increased insulin resistance, 32 and a correlation between insulin resistance and arterial stiffness has been suggested, 7 However, this mechanism is less likely as we did not observe any associations between ΔaPWV and measures of insulin sensitivity.
Further evidence supporting a link between WAT and aPWV was provided by the association between COL4A1 expression and ΔaPWV. After adjusting for established confounders, COL4A1 expression explained ~25% of the variations in aPWV improvement (i.e., Std beta-coeff 2 ). COL4A1 encodes a collagen α1 chain, which, together with α2 chains, forms type IV collagen. 33 The latter makes up the basement membrane that supports blood vessels as well as other tissue types. COL4A1 was first reported to be associated with arterial stiffness in a genome-wide association studies. 26 Table 2 . Simple linear regression of the association between baseline adipose and metabolic characteristics (set as independent variable) and changes in aortic pulse wave velocity (set as dependent variable) following weight loss Model 1 adjusted for systolic blood pressure and resting heart rate. Model 2 adjusted for systolic blood pressure, resting heart rate, diastolic blood pressure, age, sex, smoking status, and self-reported exercise. Standardized beta-coefficients (Std beta) and P values for subcutaneous volume are given for the 2 models. Model 1 adjusted for systolic blood pressure and resting heart rate. Model 2 adjusted for systolic blood pressure, resting heart rate, diastolic blood pressure, age, sex, smoking status, and self-reported exercise. Standardized beta-coefficients (Std beta) and P values for COL4A1 expression are given for the 2 models.
Baseline expression of COL4A1 in lymphoblastoid cell lines correlated positively with a progressive increase in carotidfemoral PWV in a 4-year longitudinal cohort study of 121 female twins. 25 Although the mechanism that explains the link between COL4A1 and arterial stiffening is unknown, some authors have speculated that degradation of type IV collagen by type 2 matrix metalloprotease, a collagenase secreted and activated by vascular smooth muscle cells, permits vascular smooth muscle cells to enter the subendothelial space where they produce more extracellular matrix. 26 This may increase arterial stiffness by increasing intima thickness and by altering endothelial function. 34 Others have reported that advanced glycation end products, which are also linked to arterial stiffness, interfere with type IV collagen self-assembly. 35 Also, COL4A1 mRNA level correlates with the expression of transforming growth factor beta-1 and -3, 36 profibrotic growth factors that are upregulated in the thickened intima of stiffened arteries. 37 Taken together, while it is unclear whether WAT-expressed COL4A1 plays a causal role, it appears to constitute an indirect measure of arterial stiffness. Interestingly, we found no association between COL4A1 and subcutaneous adipocyte volume, which suggests that these 2 factors may affect PWV via different mechanisms.
The Arteriograph provided additional vascular measures, with the cohort improving in both PP and SBPao, but not in AIX. Several baseline adipose characteristics were associated with these improvements further suggesting a role for WAT in arterial dysfunction. There is an ongoing debate regarding the value of different arterial stiffness measurements where PWV has been shown to have the best predictive value with regard to cardiovascular outcome. 2 AIX, SBPao, PWV, and PP provide complementary information about the arterial circulation. In support of this notion, a previous study comparing invasively measured AIX, PWV, and aortic pressure, found no significant relationship between AIX and PWV. 38 There are several limitations to our study. The method we used to measure aPWV is based on brachial artery oscillations, a method so far lacking cardiovascular outcome data. 21 Nevertheless, the Arteriograph has been used in more than 70 original publications, several of which have demonstrated the reproducibility 39 and validity in comparison to gold standard PWV measured either invasively 40 or noninvasively (using Complior and/or SphygmoCor) 39, [41] [42] [43] [44] suggesting that it provides a reliable measure of PWV in a research setting. A summary of studies comparing Arteriograph-measured arterial stiffness indices with other methods is described in the online supplement and detailed in Supplementary Table S3 . Furthermore, the Arteriograph has also been used in several cross-sectional and prospective studies in the cardiovascular field. [45] [46] [47] [48] [49] [50] [51] [52] It was outside the scope of the present work to further compare the Arteriograph with other measures of PWV.
Although noninvasive blood pressure recordings require correct cuff/bladder dimensions to give accurate results, PWV and AIX are not dependent on a specific relation between arm circumference and cuff/bladder dimensions. These measures are rather dependent on artifact-free pulse recordings where peaks can be defined properly by the software of the equipment. Therefore, PWV measurements obtained by brachial oscillations should not be influenced by body composition changes induced by weight reduction. This was further substantiated by our observation that there was no association between reductions in BMI, body fat % or waist-hip ratio, and improvements in aPWV. Furthermore, results obtained using this method have been shown to correlate with invasive and noninvasive measurements of aPWV 39, 40 and central blood pressure in normal weight and obese individuals. 40, 53, 54 Thus, Arteriograph-based aPWV measures are likely to provide reliable results independent of body weight. Aortic PWV values are dependent on correct measurements of aortic length. We estimated this as a straight line from the suprapubic notch to the pubic bone as this is considered to provide the most accurate estimate of the aortic pulse wave travel length from the assumed point of reflection around the aortic bifurcation. 40 This type of estimation may give a small overestimation of the aortic length as measured by magnetic resonance imaging. 55 We avoided variations in aortic length measurement as part of the PWV result by using the initially estimated length also at the follow-up investigation. Although the aortic length may increase over time, such change should be minimal during the study period; moreover, it mainly takes place in the ascending aorta, which is not involved in the calculation of PWV. 56 Thus, the alteration of PWV that we have shown can only be explained by an alteration of transit time. The primary outcome in this study was change in aPWV from a baseline value and our results may therefore be influenced by regression towards the mean. However, we believe that this effect is limited because study inclusion and exclusion criteria were not based on aPWV values and all aPWV measures were based on the mean of several individual measurements at each time point. Furthermore, the majority of the subjects improved in PWV over 2 years and the significant difference in aPWV for the entire cohort (P = 0.001) suggest that it is not a random effect. In addition to these considerations, our study included primarily women, which reflects the fact that only a minority of obese subjects undergoing bariatric surgery in Sweden are men. We did not include an obese control group who did not undergo surgery. However, increasing age is a well-known determinant of arterial stiffness, and it is unlikely that spontaneous improvements in PWV would be observed in weight-stable middle-aged individuals over a 2-year observation. Finally, transcriptomic data was only obtained from the subcutaneous WAT depot and we cannot exclude depot-specific differences.
In conclusion, our study demonstrates that bariatric surgery improves long-term arterial stiffness. The improvement in aPWV was predicted by subcutaneous adipocyte size and adipose tissue COL4A1 mRNA expression. Although the pathophysiological role of these factors and their value in predicting cardiovascular morbidity/mortality need to be explored in future studies, our results suggest an important link between WAT phenotype and arterial stiffness.
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